mutagenesis. This photoreaction proceeds by UV irradiation at around 254 nm, but the reaction mechanism is still not clear. This paper reports the influence of the two adenine rings and the effects of modification of the deoxycytidine residue for this photo-induced lactone formation reaction of d(ApCpA).
INTRODUCTION
Photochemistry of nucleic acids has been widely investigated because of the mutagenicity and carcinogenicity of the resulting DNA damages. It is well-known that pyrimidines readily form photoproducts, although purines are considerably resistant to UV irradiation. At the sites of adjacent pyr-pyr sequences, pyr-pyr photodimers (1, 2) , photodimers (3, 4) , and Dewar-type photodimers (5, 6) are formed. In the case of non-adjacent pyrimidine residues (pyrimidine flanked on both sides by a purine), photohydrates (7) are the only common photoproduct. Becker et at. suggest the possibility that transversions at nonadjacent pyrimidine residues may result from the formation of rare and highly mutagenic photoproducts (8) . In addition, the formation of a new photoproduct, which is alkali-sensitive, was indicated at ACA sequences in the SV 40 DNA fragment after UV irradiation (9) . These sequences are mutational hot spots in UV-induced mutagenesis (10, 11) .
Recently, we reported that UV irradiation of the trideoxyribonucleotide d(ApCpA) at acidic pH produces a trinucleotide containing 2-deoxyribonolactone at the internal residue (Scheme I) (12) . This lesion is also produced by the neocarzinostatin chromophore (13), the 1,10-phenanthroline-copper complex (14) , •y-irradiation (15) , hydrogen peroxide (16) , and photolysis of 5-Br-uracil-containing oligonucleotide duplexes (17) . Thus, 2-deoxyribonolactone may closely relate to UV-induced EXPERIMENTAL Materials and Methods d(GpCpG) (Na + salt) was synthesized by a modified phosphotriester method (18) . Deoxycytidine hydrochloride, cytidine, and 5'-dGMP were purchased from Yamasa Co., Ltd. 3'-dGMP was purchased from Sigma Chemical Co. Ribonolactone was purchased from Tokyo Kasei Kogyo Co., Ltd. N^Methyl-deoxycytidine, N 4 -methyl-deoxycytidine, 5-methyldeoxycytidine, a-deoxycytidine, and authentic 2-deoxyribonolactone were synthesized by literature procedures (19) (20) (21) (22) (23) . 'H NMR spectra were obtained with a Varian Gemini 200 spectrometer, and chemical shifts were measured relative to internal /erf-butyl alcohol (1.23 ppm from DSS). UV spectra were recorded with a Shimadzu UV-200S spectrophotometer.
Analytical HPLC
Reversed-phase HPLC was carried out on a column (150x3.9 mm) of/xBondasphere C18-100 A (Waters Associates) with a Shimadzu LC-6A system. A linear gradient of acetonitrile in 50 mM potassium phosphate (pH 4.0) was used with UV detection at 254 nm.
Photolysis of d(GpCpG)
Photolysis of the trinucleotides was carried out in the same manner as described previously (12) .
A Typical Procedure of Photolysis of Deoxycytldine Derivatives A 0.2mM solution (500 mL) of deoxycytidine hydrochloride (pH 4.0 adjusted by HCl) was irradiated by a 300 W high pressure mercury lamp (Eikohsha EHB-WI-300) with a Vycor filter (50% transmission at 240 nm) and a water cooled quartz jacket at 15-25°C for an appropriate time. After irradiation, the solvent was evaporated under reduced pressure. The residue was coevaporated with D2O twice and finally dissolved in D 2 O for NMR measurement.
Isolation of 2-deoxyribonolactone
The photolysis mixture irradiated for 5 h was concentrated and dissolved in a small amount of water, whereupon it was applied to a Dowex 50w (H + form) column. The column was washed with water. Washings were collected and concentrated. Further purification was according to literature procedure (13) . After the residue was treated with 0.1 M NaOH at ambient temperature for 1 h, the mixture was diluted with water and the pH was adjusted to 7.0 by HCl. This solution was applied to a DEAEcellulose column (pre-equilibrated with 0.01 M Tris-HCl buffer, pH 8.0 followed by water) and the column was washed with water. Elution was performed by 0.1 M HCl and the solvent was evaporated, followed by coevaporation with water several times. The obtained 2-deoxyribonolactone was dried in vacuo over KOH. Yield 74.2%. Figure la shows the HPLC profile of the photolysis mixture irradiated for 2 h at pH 4.0. Two of three main products were reversed to the starting nucleotide in the dark (Figure lb) and were produced more efficiently under neutral conditions ( Figure  2 ). The half-life time of these reversal reaction are 71 min and 41 min, respectively, from kinetic analysis. These characteristics of the products are in good agreement with those of cytidine photohydrates. The remaining product was produced more efficiently at pH 4-5 ( Figure 2 ) and formed 3'-and 5'-dGMP with alkali treatment (Figure lc) by /3-elimination and subsequent 6-elimination mechanism (14) . The above observations of d(GpCpG) are similar to those of d(ApCpA). The photo-induced lactone formation described here showed little neighboring base dependence by the comparison of d(ApCpA) and d(GpCpG) (Figure 3) . In contrast to ACA sites, the formation of an alkali-labile photolesion for GCXJ sites has not been reported (9) . This may be attributed to the differences of the local structure between these sites in large DNA fragments, since photoreactions at non-adjacent pyrimidine residues are gready enhanced in single-stranded DNA as compared with double-stranded DNA (8) . A relatively high UV dose is required for formation of this lesion. However, the biological significance of a DNA lesion is determined not only by its abundance (24) but also by its susceptibility to cellular DNA repair systems. Photolesions at the pyr-pyr sequences are efficiently repaired (25) (26) (27) . On the other hand, the resistance of these lactone lesions to certain AP and UV endonucleases has been reported (9, 28).
RESULTS AND DISCUSSION

Photolysis of d(GpCpG)
Photolysis of deoxycytidine
Although photochemistry of cytidine derivatives has been widely investigated (29) (30) (31) , the formation of ribonolactone derivatives has not been observed previously. Photolysis of deoxycytidine (1) was performed at 0.2 mM aqueous solution (pH 4.0) to avoid the formation of pyr-pyr photodimers (2). Since there was no difference with or without N 2 bubbling (data not shown), photolysis was performed under aerobic conditions. The formation of the photohydrates (3) was observed by LTV spectra which show a decrease in the absorption maximum (Figure 4a ). The absorption of deoxycytidine (1) almost disappeared after 1 h irradiation. In addition, a new absorption maximum at 311nm appeared. This new absorption decreased in the dark (half-life time was about 25 min). The production of 2-deoxyribonolactone (2) was confirmed by 'H NMR compared with authentic 2-deoxyribonolactone (23) . Figure 5a-d shows the ! H NMR spectra of the irradiated mixtures over time in which die photohydrates (3) were almost reversed to deoxycytidine (1) or converted into deoxyuridine (4)(7). Only two main materials were observed at each irradiation time. One is deoxycytidine (1) and the other is consistent with authentic 2-deoxyribonolactone (2) (Figure 5e ). In photolysis of the trinucleotides, altiiough efficient production of die 2-deoxyribonolactone-containing nucleotides was observed at pH 4-5, such products could not be detected at pH 7 ( Figure 2) . In order to confirm this feature of the reaction, photolysis of deoxycytidine (1) was performed at pH 7. Aldiough hydration occurred more efficiently (Figure 4b ), 2-deoxyribonolactone (2) could not be observed (Figure 5f ) under these conditions as well as photolysis of the trinucleotides. 
Photolysis of the Derivatives of Deoxycytidine
For the purpose of obtaining information concerning the mechanism of this reaction, we investigated the photochemistry of some deoxycytidine derivatives. a-Deoxycytidine (5), an anomeric isomer of deoxycytidine, was irradiated under the same conditions as deoxycytidine to assess the effects of the C-l' configuration. The UV spectra (Figure 4c ) and the production efficiency of 2-deoxyribonolactone (2) deduced by 'H NMR ( Figure 6a ) were comparable with those of deoxycytidine (1), suggesting that the 3'-, 4'-and 5'-positions of sugar moiety are not responsible for this reaction. Figure 4d and 6d show the results of photolysis of ribo-cytidine (9). The short-lived absorption could not be detected by UV spectra and ribonolactone (10) (Figure 6e ) was not formed, although hydration proceeded with similar efficiency as with deoxycytidine (1). Thus, the 2'-position of sugar moiety may play an important role for this reaction. In the study of methylation of cytidine derivatives, the base moieties of deoxycytidine (1) and 2'-O-methylcytidine were more reactive than the corresponding base moiety of cytidine (9) (19). This behavior was attributed to the intramolecular hydrogenbonding between the 2'-OH group of the sugar and the carbonyl group at C-2 of the cytosine ring. These effects would alter the electron distribution on the cytosine ring, and might cause the results described here. This hypothesis could be readily tested by photolysis of the compounds, such as 2'-O-methylcytidine. Effects of the base-modification were examined in 5-methyl-(6), N 4 -methyl- (7) , and N 3 -methyl-deoxycytidine (8) . In UVirradiated 5-methyl-deoxycytidine (6), hydration hardly occurred (data not shown), and 2-deoxyribonolactone (2) could not be detected (Figure 6b ). This resistance to photohydration by methylation at the 5-position of pyrimidines is well-known (32). On irradiation of deoxycytidine (1), the production of 2-deoxyribonolactone (2) increased with photolysis time for 4 h ( Figure 5 ), although only deoxycytidine (1) remained after 1 h irradiation, judging from the UV spectra (Figure 4a ). These results suggest that 2-deoxyribonolactone is not be produced directly from deoxycytidine and that its formation may have hydration products as intermediates. On the other hand, N 4 -methyl-deoxycytidine (7) showed similar results (Figure 6c ) to those of deoxycytidine (Figure 5d ). Methylation or hydroxylation of the exocyclic amino group of the cytosine residue considerably stabilizes its photohydrates (26, 33) . This effect did not affect our results (Figure 6c) .
Photo-induced lactone formation proceeds at acidic pH, suggesting that the protonation of N(3) of the cytosine residue may be an important process (pKa of deoxycytidine = 4.3). At neutral pH, hP-methyl-deoxycytidine (8) (pKa; 8.7) shows a Figure 7b, d) . These results suggest that the protonation may be essential not for deoxycytidine (1) , but for the intermediates, and methylation of N(3) position inhibits the process of photohydration.
CONCLUSION
The formation of the 2-deoxyribonolactone-containing nucleotide by UV irradiation has no neighboring base dependence. Photolysis of deoxycytidine (1) also forms 2-deoxyribonolactone (2) with high yield. On mechanical aspects of this reaction, an anomeric configuration and alkylation of the N(4) position hardly affected it, but alkylation of the 5-and N(3) position at the base moiety and 2'-hydroxylation at the sugar moiety were suppressive features. The mechanism of this photoreaction and the fate of the damaged cytosine residue still are not understood. Further investigations on these problems are now in progress.
